For the purpose of identifying the acoustic characteristics of honeycomb sandwich panels, finite element method (FEM), combined with boundary element method (BEM), has been widely used. However, the latter approach is not always applicable to high frequency analyses since it requires a large number of FEM/BEM meshes. In order to reduce computational resources and modeling times, a hybrid analytical/finite element method (HAFEM) is described that uses a finite element approximation in the thickness direction, while analytical solutions are assumed in the plane directions. Thus, it makes it possible to use a small number of finite elements, even for high frequency analyses. By using the HAFEM, the wave transmission, propagation, and radiation characteristics of the honeycomb sandwich panels are investigated. The proposed HAFEM procedure is validated by comparing the predicted transmission loss (TL) results to the measured ones. Through the use of the HAFEM model of a honeycomb sandwich panel, it is shown that the structural responses of the panel converge asymptotically to flexural waves in the low audible frequency region, core shear waves in the high audible to ultrasonic frequency region, and skin flexural waves in the high ultrasonic frequency region. Coincident frequencies occur at the transition region from the flexural to core shear wave behaviors. From the TL sensitivities of various panel design parameters, the most dominant design parameters contributing to the TL results are determined as a function of frequency. In order to improve the acoustic performance of the honeycomb sandwich panel while satisfying weight and strength requirements, a new double core honeycomb sandwich panel is designed to have the same mass per unit area as the baseline single core panel but have a larger equivalent flexural stiffness than that of the baseline panel.
Introduction
Honeycomb sandwich panels, each fabricated by co-curing a single honeycomb core or multiple honeycomb cores with face sheets, are extensively used in most contemporary fuselage structures due to their superior mechanical properties (i.e., their light weight and high strength). However, it is well known that their acoustic characteristics are generally poor, which makes them unfavorable to aircraft interior noise. As the aircraft interior noise has been increasingly emphasized, it has become critical to design acoustically-optimized honeycomb composite panels.
For the purpose of investigating various composite panels, in general, it is required to consider "thin" panels as well as "thick" panels of which the thickness is comparable to the structural wave length at the maximum frequency of interest. It is also necessary to consider various waves, e.g., flexural, shear, and longitudinal waves propagating though the panels. In addition, it is required to take into account the orthotropic material properties, e.g., fiber materials are inserted to reinforce composite materials in particular directions. Finally, "multiple" honeycomb core panels should be investigated, although single honeycomb core panels have been extensively investigated.
In order to accommodate the aforementioned aspects, various numerical and analytical methods have been developed. Although analytical methods can be used to analyze the acoustic characteristics of multilayered composite panels, their applications are restricted to a few composite panels that have simple layer configurations such as single core sandwich panels, thin panels, or panels with isotropic or transverse-isotropic layers.
Kurtze and Watters developed an analytical model for single core panels, presented the asymptotic structural wave propagation characteristics, and described how to adjust the coincidence frequency to improve the sound transmission characteristics based on the asymptotic behaviors [1] . Dym et al. estimated the transmission loss (TL) through single isotropic core sandwich panels based on their symmetric and antisymmetric acoustic impedances [2, 3] . Moore et al. developed a single core sandwich panel model similar to the model in Refs. [2, 3] that can be applied to either an isotropic or orthotropic honeycomb core [4, 5] . In addition, Nilsson derived an analytical model of three layered isotropic panels to predict the TL characteristics as functions of frequency, plate geometries, and material parameters including the damping loss factor [6] . Kim and Bolton developed a transfer function of anisotropic poroelastic layers and applied this transfer function technique to model infinite-sized composite sandwich panels to predict their TL characteristics [7, 8] . Zhou et al. analytically estimated the TL characteristics of asymmetric sandwich panels fabricated with orthotropic graphite fiber face sheets and foam-filled honeycomb cores [9] . 1 As for the numerical methods, finite element methods (FEMs) have been used to evaluate the TL characteristics of composite panels at relatively low frequencies (e.g., at the maximum frequency of 2 kHz) [10] [11] [12] . Ramakrishnan et al. estimated the noise reduction of laminated composite plates up to the center frequency of 200 Hz in the 1/3 octave bands [10] . Papadopoulos calculated the TL of isotropic panels such as steel, aluminum, and glass panels up to 704 Hz by using HKS ABAQUS [11, 12] . Tee et al. investigated flexural wave propagation in auxetic tetrachiral honeycomb structures by implementing a Bloch-wave-based FE model and the modal density estimated from the model was compared to the measured model density by using a laser vibrometer [13] . In order to improve the computational efficiency, the FEM, combined with the boundary element method (BEM), has been widely used [14] [15] [16] . Pates estimated the TL of composite panels by using a FEM/BEM procedure [14] and Coyette used LMS SYSNOISE as a BEM tool to predict the TL of a three layered plate in which a middle porous layer was modeled by using the Biot theory [15] . However, these approaches are not always applicable to relatively high frequency analyses that require to use a large number of FEM/ BEM meshes, resulting in high computational costs.
In order to conduct high frequency analyses, statistical energy analysis (SEA) approaches have been applied [17] [18] [19] [20] . Price et al. predicted the TL and radiation resistance of double leaf panels with air gaps in the middle by using the SEA [17] . Minten et al. compared the experimental TL result and the SEA prediction of an isotropic panel [18] . These authors reduced the SEA prediction error by applying the Waterhouse correction [19] . Wang et al. calculated the TL of a single core sandwich panel by considering both symmetric and antisymmetric motions based on a SEA approach [20] . The prediction accuracy of the SEA approaches depends on the validity of the high modal density assumption and the accurate estimation of SEA model parameters such as dispersion characteristics, internal and coupling damping loss factors, and modal density. In particular, the damping loss factors are generally difficult to be accurately estimated.
Here, a hybrid analytical/finite element method (HAFEM) is described that uses a finite element approximation in the thickness direction while analytical solutions are used in the plane directions. Thus, it makes it possible to use a small number of finite elements, even for high frequency analyses in a computationally efficient manner. When properly meshed with a sufficiently large number of nodes, the HAFEM models of the composite panels also result in accurate predictions at high frequencies while SEA approaches yield "statistically estimated" predictions. Cheung described a hybrid analytical/two-dimensional (2-D) finite element (FE) formulation that uses analytical mode shapes in an axial direction and 2-D finite stripe elements in the cross sectional directions [21] . Kim and Bolton analyzed the vibration responses of a tire by modeling the tire using a hybrid model that uses an analytical wave solution in the circumferential direction of the tire and 2-D finite shell elements in the cross-sectional direction [22] . Dong and Nelson proposed a hybrid analytical/1-D FE model including only in-plane, 2-D nodal displacements to calculate the displacements, stress distributions, and dispersion relations of orthotropic composite plates [23, 24] . Shorter improved the hybrid approach of Dong and Nelson by considering the full 3-D nodal displacements of infinite-size composite plates with linear viscoelastic layers to calculate their dispersion relations with the assumption that there is no reflective wave in the plane directions [25] . The dispersion relations are then applied to the SEA to calculate the damping loss factors of the composite plates.
In this paper, a hybrid analytical/1-D FE formulation, referred to as the HAFEM, is described that uses no assumption for analytical solutions in the plane directions, which results in a partial differential system equation that can be used to consider the boundary conditions at the edges of "finite-size" panels [26, 27] . In this article, simply supported boundary conditions are applied for analyzing the structural responses and sound radiation characteristics of finite-sized honeycomb sandwich panels.
The proposed HAFEM is applied to analyze the structural wave propagation characteristics, sound transmission characteristics, and sound radiation characteristics of two honeycomb sandwich panels. The proposed HAFEM can allow each layer of the panels to be modeled by using a set of orthotropic material properties and the total panel thickness of each panel can be large compared to the minimum structural wavelength of interest. It is shown that the HAFEM can be used to accurately predict the coincident frequencies of the honeycomb sandwich panels that generally occur at a transition frequency region from flexural wave to core shear wave behaviors (see Sec. 3.6). Most existing methods use the asymptotic dispersion curve of either flexural or core shear waves to predict coincident frequencies, resulting in inaccurate predictions.
For the purpose of improving the acoustic performance of sandwich composite structures, Denli and Sun investigated optimal designs of a sandwich composite beam [28] , sandwich beams with cellular cores [29] , and sandwich cylindrical shells [30] . In addition, they studied the optimal boundary support conditions for improving the acoustic performance [31] and summarized previous research activities on sandwich composite panel modeling and optimization methods in Ref. [32] .
In this article, a new composite panel concept is proposed to improve the acoustic performance of a honeycomb sandwich composite panel while satisfying its weight and strength requirements. The basic idea of the new concept originated from a double leaf panel of which the structure-borne energy path from one face sheet to the other is disconnected by replacing the core of the honeycomb sandwich panel with an air gap. Since the double leaf panel is not feasible in terms of its structural integrity, the development of a new double core sandwich panel that has two cores is proposed: One core is designed to be heavy and stiff to withstand structural loads, while the other core is light and soft in order to have the effect of disconnecting the structure-borne energy path. Although the double core concept that is mainly used to improve the mechanical properties of the panel is not new, the attempt to make use of the air gap effects for the purpose of improving the acoustic performances has not been reported, to the best knowledge of the authors.
Formulation of Hybrid Analytical/Finite Element Method
For the HAFEM formulation, it is assumed that each layer is homogeneous, i.e., each layer is assumed to be well represented by a single set of material properties. It is also assumed that each layer has a constant thickness. Figure 1 illustrates the HAFEM model of a double-layered panel. In this model, two elements are Fig. 1 Illustration of the hybrid FE model of the double-layered panel used to represent layer 1 and one element is used for layer 2. Since the displacements are approximated by the combination of nodal displacements and "linear" interpolation functions in the z-direction, there are two nodes per one element. In the Sec. 2.1, the HAFEM formulation is first derived for a single hybrid element. The global equation of motion (EOM) for a multielement system can then be obtained by assembling the local EOMs of all of the elements.
Basic HAFEM Equation of
Motion. The displacements of a single hybrid element can be approximated in terms of its nodal displacements that are the functions of x, y, and t, combined with the linear interpolation functions N 1 and N 2 in the z-direction, i.e. uðx; y; z; tÞ vðx; y; z; tÞ wðx; y; z; tÞ 
where the superscript T represents the transpose of a vector or matrix and N 1 and N 2 are the interpolation functions, defined as
When the deformation of the element is small enough, the strains can be linearly related to the displacements, i.e. 
where e represents the strain vector. By using the stress-strain relation (i.e., the constitutive relation) represented by a matrix C, the stress vector can be related to the strain vector as
where the matrix C, e.g., for an orthotropic material can be expressed as 
The virtual work principle is expressed as
where the potential energy U, kinetic energy T, and work W are represented as
and
Then, the EOM of the single element can be derived by substituting Eqs. (7)- (9) into Eq. (6), i.e.
where u is the nodal displacement vector (i.e., u
, K is the element stiffness matrix, and M represents the element mass matrix. In Eq. (10), f i and f e are the internal and external force vectors, respectively. A set of orthotropic material properties can be considered in Eq. (10) when the stiffness matrices are calculated by using the constitutive equation of an orthotropic material in Eq. (4). For a multielement system, all local element matrices can be assembled into global matrices. For compact notation, the same symbols are used for both local and global quantities from now on. Furthermore, the left-hand-side terms associated with the stiffness matrices in Eq. (10) can be represented as the linear operator defined by
When the system is excited at a single angular frequency of x, the global EOM can be then expressed as
where v is the nodal velocity vector (v ¼ @u/@t) and x represents the position vector in the x-y plane, i.e., x ¼ (x, y). The internal force vector in Eq. (10) is not shown in Eq. (12) since a pair of internal forces facing each other at a node is cancelled during the global matrix assembly process. Since Eq. (12) is represented as a partial differential system equation with respect to the x-and ycoordinates, boundary conditions at the edges of finite-size panels can be easily considered. In this article, for example, the simplysupported boundary conditions are applied when forced vibration responses are calculated (see Section 2.4).
Sound Transmission.
When a plane wave is incident on the bottom surface of a panel at a single frequency, the external force vector in Eq. (12) is represented as the combination of incident, reflected, and transmitted sound pressures, i.e.
L vðxÞ
where p i , p r , and p t are the incident, reflected, and transmitted sound pressures, respectively, and s 1 and s N represent the unit vectors normal to the bottom and top surfaces of the panel, respectively. For an infinite-size panel, a set of plane wave solutions can satisfy Eq. (13), i.e.
vðxÞ ¼v expðik x x þ ik y yÞ (14) p i ðxÞ ¼p i expðik x x þ ik y yÞ (15) p r ðxÞ ¼p r expðik x x þ ik y yÞ (16) and p t ðxÞ ¼p t expðik x x þ ik y yÞ (17) where the upper caret represents a complex magnitude. By substituting Eqs. (14)- (17) into Eq. (13) and omitting the upper carets and the plane wave terms represented by the exponential functions, the velocity vector can be represented as
where
The last term, including R 1 and R N expressed in Eqs. (21) and (22), represents the acoustic loadings on the top and bottom surfaces of the panel. In Eq. (19), the stiffness matrix K includes both real and imaginary parts, regardless of the presence of damping. Thus, spatially decaying waves (i.e., evanescent waves) are present in the panel although there is no sound radiation or structural damping. When the plane wave is incident at the angles of u and h, the wave numbers in Eqs. (14)- (22) can be represented as k x ¼ k sin h cos u, k y ¼ k sin h sin u, and k z ¼ k cos h. Then, the intensity transmission coefficient is represented as a function of u and h, i.e.
sðu; h; xÞ
where w N represents the normal displacement on the top surface and can be obtained from the velocity solution in Eq. (18 
Then the TL is calculated by using
In order to consider field incidence effects [33] , the integral interval of the incidence angle, h in Eq. (24) , that varies from 0 to 90 for the diffused incident field, is limited to be h max ¼ 78 (i.e., h ¼ 0 to 78 ) in the TL results presented in this article.
Structural Wave Propagation.
In order to identify the "structural" wave propagation characteristics of a honeycomb sandwich panel, it is assumed that there is no fluid loading on the panel surfaces, e.g., the panel is placed in a vacuum where there is no sound radiation. When the panel is excited with a distributed harmonic force with specific wave numbers (k x , k y ) and a frequency f on the bottom surface of the panel, its normal vibration response can be found from Eq. (13) 
where V is the complex velocity amplitude. The amplitude of the vibration response at a specific radial wave number k r ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
can then be defined as an integral of jV(k x , k y , f)j along the circle C(k r ) with the radius of k r in the (k x , k y ) domain, i.e.
The resulting vibration response v can be plotted in a (k r , f) contour plot, where the peak responses represent the dispersion relations of the structural waves propagating in the panel. From the dispersion relation, the wave speed can be calculated by using
In addition, the analytical dispersion curves of the sound wave, flexural wave, core shear waves, and skin flexural wave can be overlaid on the top of the (k r , f) contour plot. The dispersion curve of the flexural wave is represented as
where m is the mass per unit area and D is the equivalent flexural stiffness, calculated based on the assumption of a "thin" composite plate [34] . The core shear wave speed can be calculated by using the following equation, i.e.
where G is the core shear modulus. For an orthotropic core that has two different core shear moduli (e.g., G zx and G yz in Table 3 ), the core shear wave can have two different wave speeds, depending on its wave propagation direction. The dispersion curve of the skin flexural wave is calculated as
where the mass per unit area is half of the total mass per unit area m of the panel [1] . In Eq. (32), the skin flexural stiffness D S is defined as
where E S , t S , and l S are the Young's modulus, thickness, and Poisson's ratio of the skin, respectively [1] .
Forced Responses.
In order to consider structural damping, the linear operator matrix L in Eq. (12) 
where L x and L y are the x-and y-direction dimensions of the plate [34] . In Eq. (35) where C mn is the modal contribution coefficient of the (m,n) mode. By substituting Eq. (40) into Eq. (34) and applying the orthogonal property of the modes, the modal contribution coefficient can be obtained as
where f mn is the modal force. In Eq. (41), the modal damping is considered in terms of the structural damping factor g.
Sound Radiation.
In order to calculate the acoustic pressure radiated from the finite-size panel excited by the harmonic force, it is assumed that the vibration response of the panel can be found without acoustic loadings on the surface of the panel. The resulting surface vibration response is then used to calculate the acoustic pressure distribution on the surface. This analysis technique is referred to as the weakly coupled vibroacoustic analysis. The latter approach is generally invalid when the panel is placed in a heavy fluid medium such as water. Additionally, the acoustic loading effects on the vibration response cannot be ignored at low frequencies, even in a light fluid medium such as air.
For calculating the acoustic pressure distribution on the surface of the panel, the velocity spectrum V(k x ,k y ) is obtained after apply- 
The radiated power P and the radiation efficiency r can be obtained by taking the spatial integral of the active intensity over the panel surface as
where h|v| 2 i is the spatially-averaged square velocity. In order to calculate the supersonic intensity (see Sec. 3.8) [36] , a wave number filter is applied to both the acoustic pressure and velocity spectra to obtain P supersonic (k x ,k y ) and V supersonic (k x ,k y ) from which all subsonic components are filtered out. The supersonic intensity is then calculated by applying the inverse spatial 2D FFT to the two spectra and multiplying the resulting supersonic acoustic pressure and velocity distributions, i.e. 
Results and Discussion
The HAFEM models shown in this article consist of 20 or fewer hybrid elements. As a result, it usually takes less than 20 s to analyze each of the following TL cases by using a computer with a 3.07 GHz Intel Xeon processor and 6 GB RAM. It is usually take 2-4 h to analyze a similar problem by using a full 3-D FEM/BEM model and the maximum frequency of this analysis (e.g., 2 kHz) is much lower than that of the HAFEM analyses.
In the following sections, two simple panels (i.e., an aluminum panel and an aluminum-foam-aluminum sandwich panel) are investigated to validate the proposed HAFEM procedures before analyzing the honeycomb sandwich panels.
Aluminum Panel.
A 5 mm thick aluminum panel is analyzed by using the proposed HAFEM. Table 1 shows the material properties of the aluminum panel. Fig. 2 shows the analytical and HAFEM TL results. It is shown that the HAFEM TL results agree well with the analytical results.
Aluminum-Foam-Aluminum Sandwich
Panel. An aluminum-foam-aluminum sandwich panel is analyzed as another validation case. The material properties and experimental TL data of the panel are provided courtesy of Kim and Bolton [7, 8] . The material properties are shown in Table 2 and the TL results in Fig. 3 . The predicted HAFEM TL results agree well with the measured TL results, although there are some discrepancies in both the low and high frequency regions (e.g., below 200 Hz and above 2 kHz). In the low frequency region, the discrepancy may be caused by the finite size effects of the experimental panel (i.e., the effects of the boundary conditions) since an infinite-size panel model is used for the HAFEM TL analysis (see Section 2.2), while the experimental panel is a finite-size one. Since the HAFEM model uses only elastic properties for the foam core (i.e., the poroelastic properties such as flow resistivity, tortuosity, and porosity in Table 2 are not considered), the HAFEM model may not properly represent the porous core, which results in the TL difference between the predicted and measured TL results in the high frequency region. In the future, the porous effects will be considered by developing a poroelastic element.
3.3 Honeycomb Sandwich Panels. The material properties of two honeycomb sandwich panels are listed in Table 3 [24] , where the two panels are referred to as Configurations 1 and 2. The HAFEM models of these two panels consist of two elements for each skin and six elements for each core. The HAFEM TL results are compared with the experimental results in Figs. 4 and 5 [27] . The TL measurements are made with 72 in. Â 72 in. panels in a reverberant/anechoic chamber suite while the HAFEM models use the assumption of infinite-size panels. The cut-off frequency of the reverberant room is approximately 250 Hz, i.e., below the cut-off frequency, the incident sound field in the reverberant room cannot be assumed to be perfectly reverberant. Below 300 Hz in Fig. 4 (500 Hz for Configuration 2 in Fig. 5 ), the measured TL values are higher than the predicted ones due to the boundary effects of the finite-size test panels and the imperfect reverberant conditions, e.g., the maximum TL difference is approximately 7 dB for Configuration 1 (6 dB for Configuration 2). In this frequency range, however, the HAFEM TL results agree well with the mass law represented by the red curve [27] . In the midfrequency region, e.g., where there are coincident frequencies around 1.2 kHz, the panels have the local minimum TL values since the panels are assumed to be acoustically-transparent at the coincident frequencies. In the high frequency region, the HAFEM and experimental TL results agree well with each other within the TL difference of 1 dB for Configuration 1. For Configuration 2, these two results agree well with each other up to 4 kHz. In the frequency range from 4 kHz to 6.4 kHz, the discrepancy between the hybrid FE and the experimental results may be caused by the inaccurate TL measurement. It may also be caused by the inaccurate prediction or measurement of the material properties used for the HAFEM model. Figs. 4 and 5, the coincident phenomena degrade the TL performance. Therefore, it is worthwhile to investigate the panel design parameters that control the locations of the coincidence frequencies. For a thin plate whose the equivalent flexural stiffness is same as one of the two honeycomb sandwich panels, the critical frequency (i.e., the lowest coincident frequency) can be represented as
Mass and Stiffness Tuned Honeycomb Sandwich Panels. As shown in
where c 0 is the speed of sound [33] .
In Fig. 6 , the baseline panel is the honeycomb sandwich panel of Configuration 1 and the stiffness and mass tuned panels are obtained by decreasing the Young's modulus of the skin by 50% and increasing the skin mass by 50%, respectively.
When the mass per unit area of the panel remains unchanged, the critical frequency shifts to the right by decreasing its flexural stiffness, e.g., as shown in Fig. 6(a) . Although the stiffness tuned panel performance is inferior to the baseline panel by 1 dB or less at high frequencies, there are significant TL benefits at around the critical frequency (see Fig. 6(a) ). Thus, the mass law region can be extended, which can result in improving the overall sound transmission characteristics.
Similarly, the mass can be increased to improve the sound transmission characteristics by shifting the coincident frequencies to the right, e.g., as shown in Fig. 6(b) . The increased skin mass results in uniformly improving the TL performance up to the coincident frequencies.
However, the decrease of the flexural stiffness is limited to a certain amount to meet the strength requirement of the panel. The mass increase is also limited by the weight requirement of the panel. Figure 7 shows the TL sensitivities of the honeycomb sandwich panel (Configuration 1) with respect to its material properties. The TL sensitivity of a panel design parameter is defined here as the TL difference caused by the 10% variation of the design parameter. In the low frequency region (i.e., below the critical frequency around 1.1 kHz), the TL is the most sensitive to the skin and core densities, while in the high frequency region it is the most sensitive to the core shear moduli and core damping. Thus, the low frequency region can be referred to as the mass controlled region while the high frequency region can be referred to as the core shear stiffness controlled region. In the coincidence frequency region (i.e., the valley-shaped TL region around 1.1 kHz in Fig. 4) , all of the material properties except the core Young's modulus in the z-direction are important in terms of their TL sensitivities: The skin Young's modulus is the most sensitive to the TL in this critical frequency region.
Transmission Loss Sensitivity.

Structural Wave Propagation Characteristics: Dispersion
Relations. In order to identify the structural wave propagation characteristics of the honeycomb sandwich panel (Configuration (28), is plotted in Fig. 8 , where the peak responses represent the dispersion relations of the structural waves propagating in the honeycomb sandwich panel. Note that the maximum frequency in Fig. 8 is 1 MHz and the vibration levels are presented in the dB scale referenced at the maximum vibration level. In Fig. 8 , the dark red represents the highest vibration response while the dark blue indicates the lowest vibration response. In addition, the analytical dispersion curves of the sound wave (i.e., the black line in Fig. 8 ), the flexural wave (i.e., the blue dashed line), the core shear waves (i.e., the magenta dotted and red dashed-dotted lines), and the skin flexural wave (i.e., the yellow solid line) are overlaid on the top of the contour plot in Fig. 8 . The flexural stiffness is independent of its propagation directions since the face sheet is isotropic and the Young's moduli E xx and E yy of the core are the same, regardless of the propagating directions (see Table 3 ).
In Fig. 8 , the flexural wave speed is slower than the sound wave speed at low frequencies (e.g., below 900 Hz), while it is faster than the sound wave speed at mid to high frequencies (e.g., above 900 Hz); note that the two wave speeds are coincident at approximately 900 Hz.
The sound wave and core shear waves have constant wave speeds, i.e., they are nondispersive. The sound wave speed is 343 m/s and the core shear wave speeds are 476 m/s and 711 m/s (see Eq. (31)). The core shear wave in the x-direction is faster than the core shear wave in the y-direction since G zx is larger than G yz (see Table 3 ).
In Fig. 8 , the peak response asymptotically converges to the analytical flexural wave at low audible frequencies below 900 Hz. At high frequencies (e.g., 5 kHz to 50 kHz), there are two vibration peaks at a single frequency, with each peak converging to one of the core shear waves. At ultrasonic frequencies (e.g., above 100 kHz), the vibration peak asymptotically converges to the skin flexural wave as the frequency increases. The higher modes cut on at the frequencies of 70 kHz, 108 kHz, and so on. In general, it is not possible to observe the skin flexural wave behaviors in an audible frequency range. In the mid frequency range (e.g., around 1-5 kHz), the vibration response is in transition from the flexural to the core shear wave behavior. The sound wave is coincident with the peak vibration responses in the transition frequency region (i.e., coincident frequencies around 1.2 kHz) where the lowest coincident frequency is defined as the critical frequency (see Fig. 8(b) ) [33] . When compared with the experimental TL results in Fig. 4 , the coincident frequencies estimated from the dispersion relations in Fig. 8 are in agreement with the location of the measured local TL minimum at around 1.2 kHz. Thus, the coincident frequency at approximately 900 Hz, estimated from the dispersion curve of the asymptotic flexural wave, is not accurate for the given honeycomb sandwich panel.
3.7 Mass-Equivalent, Double Leaf Panel. Figure 9 shows the TL results of the baseline panel (Configuration 1) and a massequivalent double leaf panel. The double leaf panel consists of the two face sheets of the baseline panel with the increased thickness of 9.208 Â 10 À4 m and an air gap between the two face sheets replacing the core. Thus, the mass per unit area of these two panels is same, which results in the identical mass law TL performance up to 300 Hz (see Fig. 9 ). Then there is a mass-air-mass resonance frequency (MAMRF) of the double leaf panel around 600 Hz, where the air gap behaves as a spring. Although the double leaf panel is inferior to the baseline panel around the MAMRF, the double leaf panel performs much better than the baseline panel at the high frequencies above 2 kHz, where the air gap disconnects the structure-borne energy path from one face sheet to the other. The TL performance at the MAMRF can be improved by inserting sound absorption materials in the air gap, which disrupts the acoustic resonance effects. Figure 10 shows the calculated sound radiation efficiency. At low frequencies below the critical frequency, the radiation efficiency is less than 1. In this frequency region, the noise radiation is predominantly from the corners and edges of the panel [33] . For example, the active and supersonic acoustic intensities at 187 Hz are plotted in Fig. 11 . The supersonic intensity is calculated by applying a wave number filter to remove the subsonic components in both the sound pressure and velocity spectra in the wavenumber domain (see Sec. 2.5). Thus, the supersonic intensity represents the sound power per unit area radiating to the "farfield" of the panel [36] . Although the largest acoustic power is radiated around the excitation point, as shown in Fig. 11(a) , the sound power propagating to the farfield is predominantly from the corners of the panel (see Fig. 11(b) ). From this viewpoint, the stiffeners applied to reinforce a panel structure can increase the length of the edges and the number of corners at the interfaces of the stiffeners and the panel. The total radiated noise level at low frequencies then increases due to the additional noise components radiating from the increased edges.
3.9 Double Core Panel. For the purpose of improving the acoustic performance of the honeycomb sandwich panel while satisfying the weight and strength requirements, a new composite panel design is proposed here. The basic idea of the new concept is based on the mass-equivalent double leaf panel. As noted in Sec. 3.7, the TL performance of the baseline honeycomb sandwich panel can be dramatically improved in high frequencies by replacing its core with an air gap such as the mass-equivalent, double leaf panel. However, the double leaf panel is not feasible in terms of its structural integrity. In order to take advantage of the air gap effects and make it possible to design a structurally viable panel, a double core panel in which one core is designed to be heavy and stiff to withstand structural loads and the other core is light and soft to disconnect the structure-borne energy path from one outer skin to the other is proposed. Table 4 shows a new double core panel design and Table 5 shows the equivalent flexural stiffness and masses per unit area of both the baseline panel and new double core panel. In Table 5 , the flexural stiffness of the new panel is increased, mainly due to the increased core thickness, while the mass per unit area is identical. Figure 12 shows the TL characteristics of the two panels. The TL characteristics of the new panel are much better than the baseline panel in high frequencies, e.g., the TL performance of the new panel is 8 dB to 20 dB higher than the baseline panel above 2 kHz. However, the new panel has 1-2 dB lower TL values than the baseline panel in a narrow frequency band around 1.2 kHz, 
Conclusions
In this article, a HAFEM is described that can be used to analyze the sound transmission characteristics, structural wave propagation characteristics, and sound radiation characteristics of multilayered composite panels whose layers are represented by orthotropic material properties. By comparing the HAFEM results with the analytical solutions and experimental results, it is shown that the HAFEM can be successfully used to analyze various panels, up to the ultrasonic frequency region, in a computationally efficient manner.
The TL characteristics of the two honeycomb sandwich panels are identified by using the HAFEM models. The HAFEM TL predictions agree well with the measured data. In order to improve the TL characteristics, the stiffness and mass tuned panels are suggested. In addition, the mass-equivalent double leaf panel is also proposed to further enhance the performance at high frequencies. For the purpose of identifying the dominant panel design parameters, the TL sensitivity with respect to each design variable is presented that indicates how much each variable contributes to the TL results. In the low frequency region, the skin and core density contribute the most significantly to the TL results, where it is referred to as the mass controlled region. The core Young's modulus is the least sensitive to the TL variation around the coincidence frequencies, while other properties have a relatively significant contribution to the TL variation. In the high frequency region, the core shear stiffness variation is the most sensitive to the TL variation.
The flexural, core shear, and skin flexural waves propagating through the panels have been identified in the wave number/frequency domain, which is referred to as the dispersion relations. Through the dispersion relations of the honeycomb sandwich panel, it is observed that in the low audible frequency region, the flexural wave dominates the structural wave propagation behaviors of the honeycomb sandwich panel. In the high audible frequency region, the core shear wave mainly affects the wave propagation characteristics. In the ultrasonic frequency region, the skin flexural wave (i.e., the flexural wave without the core) dominates the structural responses of the panel. Furthermore, the coincidence phenomenon is observed at the frequency band where the sound wave length is in agreement with the structural wave length. In the Configuration 1 panel considered in this article, the coincident phenomenon is observed at the transition region from the flexural to the core shear wave behavior.
In order to analyze the sound radiation characteristics, the radiation efficiency of the Configuration 1 panel is obtained. The radiation pattern at low frequencies below the critical frequency is also investigated by comparing the active and supersonic acoustic intensities. The supersonic acoustic intensity below the critical frequency is successfully used to visualize the corner radiation mode.
Finally, the new "double" core honeycomb sandwich panel that has the same mass as the baseline "single" core panel is proposed in this paper. It is shown that the proposed panel has the high TL advantage (i.e., 8-20 dB higher than that of the baseline) of the equivalent-mass double leaf panel in the broad high frequency range above the coincidence frequency at 1.2 kHz, while it has a 1-2 dB lower TL than the baseline panel in the narrow band around the coincidence frequency. Its TL characteristics in the low frequency range below 1 kHz are same as those of the baseline panel. Table 3 Upper face sheet Thickness (d) 4.6736 Â 10 À4 m Same as the face sheet of configuration 1 in Table 3   Table 5 Equivalent flexural stiffness and mass per unit area Honeycomb sandwich panel (configuration I in Table 3 
